In the presence of acetylcholine, the nicotinic acetylcholine receptor undergoes two rapid conformational changes: one in the 1-ms time region, leading to the formation of a transmembrane channel and signal transmission between cells, and the other in the 100-ms time region, leading to an inactive "desensitized" form with altered ligand-binding properties. To determine the properties of the receptor that are relevant for channel opening and signal transmission, we have developed a cell-flow technique that allows measurements to be made with cells prior to receptor desensitization. Here we illustrate the usefulness of the technique. A wide concentration range of both a ligand that controls the opening of receptor channels (carbamoylcholine) and a receptor inhibitor (procaine) was used to measure the dissociation constant of the receptor site controlling channel opening (2.4 X 10-4 M), the channel-opening equilibrium constant (5.5), the inhibition constant for procaine (5.8 x 10-5 M), and the rate coefficients for two desensitization processes of 5 s-' and 0.2 s-'. The cell-flow technique illustrated here is of interest because, by rapid-reaction techniques, it extends the chemical kinetic approach from investigations of reactions in solutions to investigations of many different receptors that exist in membranes of central nervous system cells and whose properties are not well known. EXPERIMENTAL PROCEDURES BC3H1, a nicotinic acetylcholine receptor-containing clonal mammalian cell line (22), was cultured as described by Sine and Taylor (23). The cells were maintained in 35-mm dishes in a differentiating medium containing 0.5% fetal calf serum (GIBCO) as described by Sine and Steinbach (24) for 7 days before use.
The regulation and control of signal transmission by the nicotinic acetylcholine receptor in muscle cells, and presumably by many A represents the receptor in its active form. L represents acetylcholine (or another activating ligand), and the subscript indicates the number of ligand molecules bound to the receptor molecule. AL2 is the open-channel form of the receptor, which mediates the exchange of inorganic ions across the membrane, thus initiating an electrical signal and signal transmission. K1 is the intrinsic dissociation constant of the ligand, and V-1 is the channel-opening equilibrium constant (1) . Not shown in the scheme are two first-order transitions to inactive (desensitized) receptor forms: a slow process (seconds to minutes) first discovered for the frog muscle receptor (2) and a rapid process (milliseconds) first discovered for the Electrophorus electricus receptor (3, 4) . The inactive desensitized receptor forms have ligand-binding properties that are different from those of the receptor form primarily involved in signal transmission (refs. 2-4 ; reviewed in ref. 5 ). We have shown that rapid mixing techniques commonly used in investigations of reactions in solution (6, 7) also can be used for kinetic investigations of the receptor in membrane vesicles prepared from the electric organ of certain fish (1, 4, 8) . Thus, the constants relevant to channel opening and signal transmission could be determined prior to receptor desensitization (1) . This approach is restricted, however, to only a few receptors that occur in sufficient abundance in nature to enable preparation of membrane vesicles. Recently a flow technique (9) (10) (11) in combination with the whole-cell current recording technique (12, 13) has been used to measure the falling phase of receptor-controlled cell currents, which reflects desensitization of the receptors. We have shown that the observed current rise time in these measurements can be corrected for receptor desensitization and, therefore, that it is possible to determine the concentration of the open-channel form of the receptor prior to desensitization, [AL2]0 (14, 15 EXPERIMENTAL PROCEDURES BC3H1, a nicotinic acetylcholine receptor-containing clonal mammalian cell line (22) , was cultured as described by Sine and Taylor (23) . The cells were maintained in 35-mm dishes in a differentiating medium containing 0.5% fetal calf serum (GIBCO) as described by Sine and Steinbach (24) for 7 days before use.
The whole-cell current recording variant of the patchclamp technique was used as described (12, 13 (26, 27) . The data from single-channel current measurements were first passed through a low-pass filter (Krohn-Hite 3322) with the cutoff frequency [-3-decibel (dB) point] adjusted so that the average baseline deviation was 1/8th to 1/10th that of the unit amplitude of the single-channel current. After the filtering, the data were digitized, at a sampling frequency (10 or 20 kHz) at least 5 times the cutoff frequency of the low-pass filter, by using a PDP 11/23 minicomputer and were stored on a hard disc. The data then were transferred to a Prime 750 computer for actual analysis. An automated analysis program, based on and modified from the program developed by Sachs et al. (28) , was used to detect events (the detection threshold was half the unit amplitude of events) and to prepare event amplitude and duration histograms. In the construction of burst-duration histograms, only bursts that met certain criteria were considered (27) . Any period of channel activity was considered a valid burst and accepted for analysis only when (i) there were no overlapping open events, and (ii) it was preceded and followed by silent periods, the duration of which was at least 3 times the mean closed time measured within the burst. The flow method to achieve rapid application of ligand solutions to cells under whole-cell clamp and the technique for changing the composition of the solution emerging from the flow device have been described (9) (10) (11) .
In our experiments the maximum current produced was corrected for the desensitization process that occurs during the current rise time (14, 15) . The correction is based on theories of solution flow over submerged spherical objects (29, 30) and on the observation that many cells, including BC3H1 cells, become spherical when detached from the dish.
At the flow rates used in our experiments, 0.5 cm-s-1 to 4 cms-1, the rate-limiting step in equilibration of the cell surface with ligand is the velocity of a layer of the solution [the diffusion boundary layer, -2 gm above the cell surface (30) ] that emerges from the flow device and from which the ligand diffuses to the cell surface. The buildup in ligand concentration on the cell surface below this solution layer is rapid (2-5 ms, depending on the flow rates used) (14, 15) . Knowing the ligand concentration on the cell surface allows one to correct the observed current during the current rise time for receptor desensitization (14, 15) , which is characterized by the rate coefficient a and can be measured independently in each experiment (10, 11 [1] (Iob8)Ati is the observed current during the jth time interval, and t,, is equal to or greater than the current rise time (14, 15) . The value of IA was found to be independent of the solution velocities used in the cell flow method and could be determined with good precision (±10%) (14, 15 (Fig. 2) . Po corresponds to (AL2)0, and its dependence on acetylcholine and carbamoylcholine concentration at the frog neuromuscular junction has been determined (33, 34 and the values of 4' and K1 determined from the data in Fig. ic. In Eq. 5, k34 represents the dominant rate constant in the rapid desensitization of the receptor (36) . The data in Fig. 1  a and (37, 38) . In the cell-flow measurements, a rapid (Fig. lb) and a slow desensitization process are observed; in ion-flux measurements in cells, only the slow process is seen (37, 38) . The desensitization rates given in Fig. lb [7] where Kp represents the receptor-procaine dissociation constant. In the experiment shown in Fig. id (42, 43) permits evaluation ofPO and, therefore, also of (AL2)0 while the receptor is in a nondesensitized state (27, 32) . Another approach (44) uses a flow technique in combination with the single-channel current recording technique (16) . In both of these approaches, only a few receptors are sampled in the measurements and, therefore, require extensive data collection and analysis (26, 44) . In contrast, the chemical kinetic approach takes into consideration the theory of solution flow over submerged objects (29, 30) By using the approach described, investigations of the receptor of a mammalian muscle (BC3H1) cell line show that the values of the constants measured are sufficiently similar to the results obtained with electroplax receptors (1, 5, 36) to confirm the common assumption that the electroplax receptor is a good model for muscle receptors in general.
The chemical kinetic approach using fast-reaction techniques described here has previously brought considerable insight into the mechanism by which proteins function in solution (45, 46) . What we consider most important in the experiments presented is that they indicate that the same approach also can be used in investigations of receptor function in cell membranes. Thus, the scope of chemical kinetic investigations is extended to many different types of receptors that exist in central nervous system cells and whose properties are not well known.
